The selective formation of E-or Z-isomers is an important process in natural product metabolism. We show that the subunit composition of an enzyme can alter the geometrical composition of the enzymatic products. Hinokiresinol synthase, purified from Asparagus officinalis cell cultures, is responsible for the conversion of (7E,7E)-4-coumaryl 4-coumarate to (Z)-hinokiresinol, the first step in norlignan formation. The protein is most likely a heterodimer composed of two distinct subunits, which share identity with members of the phloem protein 2 gene superfamily. Interestingly, each recombinant subunit of hinokiresinol synthase expressed in Escherichia coli solely converted (7E,7E)-4-coumaryl 4-coumarate to the unnatural (E)-hinokiresinol, the E-isomer of (Z)-hinokiresinol. By contrast, a mixture of recombinant subunits catalyzed the formation of (Z)-hinokiresinol from the same substrate.
The selective formation of E-or Z-isomers is an important process in natural product metabolism. We show that the subunit composition of an enzyme can alter the geometrical composition of the enzymatic products. Hinokiresinol synthase, purified from Asparagus officinalis cell cultures, is responsible for the conversion of (7E,7E)-4-coumaryl 4-coumarate to (Z)-hinokiresinol, the first step in norlignan formation. The protein is most likely a heterodimer composed of two distinct subunits, which share identity with members of the phloem protein 2 gene superfamily. Interestingly, each recombinant subunit of hinokiresinol synthase expressed in Escherichia coli solely converted (7E,7E)-4-coumaryl 4-coumarate to the unnatural (E)-hinokiresinol, the E-isomer of (Z)-hinokiresinol. By contrast, a mixture of recombinant subunits catalyzed the formation of (Z)-hinokiresinol from the same substrate.
asparagus ͉ phloem protein 2 ͉ coumaryl coumarate ͉ phenylpropanoid C arbon-carbon double bonds, in both E-and Z-configurations, have been found in natural products including fatty acids, polyketides, terpenoids, and phenylpropanoids (1, 2) . Different geometrical isomers differ in their physical, chemical, and biological properties. The control of geometrical isomerism has attracted much attention from chemists and biochemists, because this is a key step in natural product biosynthesis and is critically important in organic synthesis to produce only the desired isomer (3) .
During natural product biosynthesis, usually either the E or Z double bond is formed selectively. For instance, in the biosynthesis of geraniol and nerol, geraniol (E-isomer) is formed directly from geranyl diphosphate, whereas nerol (Z-isomer) is formed from geraniol by isomerization catalyzed by an isomerase (2) . cis-Prenyltransferases catalyze the synthesis of (Z)-prenyl chains, and trans-prenyltransferases catalyze the formation of (E)-prenyl chains, although both attach a common substrate, isopentenyl diphosphate, onto elongating prenyl chains (4) . Overall, the selective formation of E or Z double bonds is controlled by distinct enzymes.
The norlignan is a class of phenylpropanoids, and a norlignan, hinokiresinol, has an E or Z double bond in its molecule (Fig. 1) . Interestingly, (E)-hinokiresinol is distributed specifically in conifer heartwood, and the coloration of Chamaecyparis obtusa (Japanese cypress) heartwood is ascribed to (E)-hinokiresinol (5) . (Z)-Hinokiresinol, however, is detected in herbaceous monocotyledons (6) . Both hinokiresinols have antifungal activity and can be produced in response to stress, such as fungal infection and sapwood drying (7) (8) (9) , suggesting that they are synthesized in vivo for plant protection.
Previously, the mechanism of formation of E and Z double bonds in hinokiresinols was unknown. However, our findings have indicated that (Z)-hinokiresinol is derived from two nonidentical phenylpropane units (6) . Subsequently, (Z)-hinokiresinol was found to be synthesized from a dimeric phenylpropanoid ester, (7E,7ЈE)-4-coumaryl 4-coumarate, by an enzyme preparation from elicitor-treated Asparagus officinalis cells (10) . In addition, (E)-hinokiresinol was formed by an enzyme preparation isolated from Cryptomeria japonica (Japanese cedar) cells (11) . Interestingly, the two enzymatic reactions proceed without any additional cofactors, and either (E)-or (Z)-hinokiresinol is formed selectively in each assay, directly from a common substrate, (7E,7ЈE)-4-coumaryl 4-coumarate. It is noteworthy that both reactions involve cleavage of the ester linkage, formation of a new carbon-carbon bond, and loss of a carbon atom, to produce a diphenylpentane (C 17 ) carbon framework. Thus, the results above reveal that hinokiresinols are the first norlignans in the norlignan biosynthetic pathway (Fig. 1) .
In this report, we show that hinokiresinol synthase (HRS), is involved in the formation of (Z)-hinokiresinol from (7E,7ЈE)-4-coumaryl 4-coumarate (Fig. 1 ). This protein is composed of two subunits encoded by distinct genes, which share identity with members of the phloem protein 2 (PP2) gene superfamily. Surprisingly, each recombinant subunit catalyzes the formation of (E)-hinokiresinol only. However, the mixture of both recombinant subunits shows (Z)-hinokiresinol synthase activity.
Results and Discussion
Purification and cDNA Cloning of HRS. Initially, we carried out a 114-fold purification of HRS from cell-free extracts of elicitortreated Asparagus cells, with a 1.7% yield by six-step column chromatography [supporting information (SI) Table 1 ]. Whereas a single band was seen by native PAGE (Fig. 2A, lane 1) , SDS/PAGE analysis showed two polypeptide bands, corresponding to 21 and 23 kDa (Fig. 2B, lane 1) . Although we attempted several times to obtain a large amount of purified enzyme, the amount we obtained was not sufficient to fully characterize this enzyme. Therefore, either band might have been a contaminant protein at this point, but we gel-purified both polypeptides by SDS/PAGE and submitted them to microsequencing.
The two polypeptides could not be sequenced without peptidase digestion, suggesting that the N termini of the natural proteins were blocked. Therefore, we digested them in the gel by using lysylendopeptidase after carboxymethylation, and the resulting peptide fragments were separated by reversed-phase HPLC. Seven peptide fragments from the 21-kDa polypeptide and two peptide fragments from the 23-kDa polypeptide were sequenced (SI Table 2 ). Several amino acids were substituted among peptide fragments from the 21-kDa polypeptide, suggesting the presence of isozymes, for example, 1a and 1b (SI Table 2 ). The 21-and 23-kDa polypeptides were later found to have similar amino acid sequences; thus, we have now designated the 21-and 23-kDa polypeptides HRS␣ and HRS␤, respectively.
Two degenerate oligonucleotide primers A and B, designed from these peptide fragments (3a and 6; SI Table 2) , and an oligo(dT) primer were used for reverse transcriptase PCR amplification from cDNAs prepared from elicitor-treated Asparagus cells. A 675-bp fragment encoding the amino acid sequences identified from HRS␣ (1a, 2a, 3a, and 4; SI Table 2 ) and a 545-bp fragment encoding the amino acid sequences identified from HRS␤ (5 and 6; SI Table 2 ) were cloned into the pCR2.1-TOPO vector. These amplified cDNA fragments were digested with SspI and EcoRI, producing 0.5-kb fragments that were used as probes for phage cDNA library screening. The identity between the probes was 61%, and no cross-hybridization of the probes was found during cDNA library screening. The inserts were PCR-amplified from single-plaque phages, cloned into pCR2.1-TOPO, and sequenced. The deduced amino acid sequences of the cloned genes were almost identical to the sequences obtained by microsequencing ( Fig. 3A and SI Table 2 ).
The full-length cDNAs of HRS␣ and HRS␤ are 998 bp and 906 bp long, with ORFs of 546 bp and 531 bp, encoding 182-and 177-aa residues, respectively. Their predicted molecular masses are 20.4 and 19.8 kDa, which are slightly lower than the apparent molecular masses estimated by SDS/PAGE (21 and 23 kDa; Fig.  2B ). The ORFs of HRS␣ and HRS␤ share 49% amino acid identity and 68% amino acid similarity.
HRS␣ and HRS␤ Are Members of the PP2 Gene Superfamily. A PSI-BLAST search identified several EST and protein sequences that were similar to HRS␣ and HRS␤ (E value Ͼ 10 Ϫ28 ). These sequences are annotated as PP2 or PP2-like genes. HRS␣ has 34%, 27%, 20%, and 19% amino acid identities to a functionally unknown Lycoris aurea lectin-like protein (LaRVPP2), Arabidopsis AtPP2-A4 (At1g33920), an Oryza sativa lectin-like protein (Os01g0158400), and Cucurbita maxima PP2 (CmPP2) (12), respectively. HRS␤ shares 33%, 24%, 21%, and 18% amino acid identity with LaRVPP2, AtPP2-A4, Os01g0158400, and CmPP2, respectively (Fig. 3) .
The Arabidopsis genome sequencing project has revealed that there are 30 PP2 and PP2-like proteins ( Fig. 3B ) with four PP2 motifs, A to D (Fig. 3A) (13) . Moreover, the presence of many homologs containing these motifs within a vast variety of plant species, including angiosperms, gymnosperms, and mosses (13) , indicates that the PP2 and PP2-like genes form a gene superfamily. Both HRS␣ and HRS␤ contain these four motifs (Fig.  3A) , indicating that HRS␣ and HRS␤ are members of the PP2 gene superfamily. This finding is also supported by phylogenetic analysis, which shows that both HRS␣ and HRS␤ belong to a clade of the gene superfamily (Fig. 3B ).
Recombinant HRS␣ and HRS␤ Catalyze the Formation of (E)-Hinokiresinol.
To confirm the catalytic function of HRS␣ and HRS␤, we expressed the ORFs individually in Escherichia coli and assayed hinokiresinol synthase activity. The recombinant proteins (referred to as rHRS␣ and rHRS␤) fused to poly(His) tags at the C termini were successfully purified on a His-Bind Resin column. The apparent molecular masses of rHRS␣ and rHRS␤ subunits (both 25 kDa), as determined by SDS/PAGE, were slightly higher than the values calculated from their amino acid sequences (21.7 and 21.2 kDa) (Fig. 2B, lanes 4 and 7) . The recombinant proteins were tested in vitro for activity toward a deuterium-labeled substrate, (7E,7ЈE)-4-[7Ј,9Ј,9Ј-2 H 3 ]coumaryl 4-coumarate. When either rHRS␣ or rHRS␤ was incubated with the substrate, surprisingly, only (E)-[ 2 H 3 ]hinokiresinol was produced ( Fig. 4 Ab, Ac, and Bc). Thus, both HRS␣ and HRS␤ are responsible for the formation of the norlignan carbon framework, involving cleavage of the ester linkage, new carbon-carbon bond formation, and loss of a carbon atom.
Both HRS␣ and HRS␤ Are Required for (Z)-Hinokiresinol Synthase
Activity. It was very strange that (E)-hinokiresinol was formed by both rHRS␣ and rHRS␤, whereas natural HRS catalyzed the formation of only (Z)-hinokiresinol (10). We therefore hypothesized that (Z)-hinokiresinol formation may require both subunits in combination and assayed (Z)-hinokiresinol formation with a mixture of rHRS␣ and rHRS␤, because we found both HRS␣ and HRS␤ in natural HRS (Fig. 2B, Fig. 4 Ad and Ae). The product was identified by comparison of the mass spectrum and retention times with those of authentic samples.
As shown in Fig. 4 Ad and Ae, when the molar ratio of one of the recombinant proteins exceeded the other (that is, rHRS␣ Ͼ rHRS␤, and vice versa), (E)-[ 2 H 3 ]hinokiresinol formation was still observed, whereas when the ratio of rHRS␣ and rHRS␤ was 1:1, strikingly, only (Z)-[ 2 H 3 ]hinokiresinol was formed (Fig.  4Af ). These results demonstrate that both HRS␣ and HRS␤ are required for (Z)-hinokiresinol synthase activity. Natural HRS Is Most Likely a Heterodimer. The results from the gel electrophoresis and enzymatic assays strongly support the possibility that natural HRS is composed of the distinct two subunits, HRS␣ and HRS␤. We further characterized the subunit composition of natural HRS, rHRS␣, rHRS␤, and a 1:1 mixture of rHRS␣ and rHRS␤. Analysis by gel filtration chromatography showed that natural HRS, rHRS␣, and rHRS␤ were all 37-40 kDa (SI Fig. 6 ), indicating that these proteins exist as dimers. Thus, natural HRS is most likely a heterodimer (␣␤), whereas rHRS␣ and rHRS␤ are homodimers (␣ 2 and ␤ 2 ). A 1:1 mixture of rHRS␣ and rHRS␤ was also 37-40 kDa (SI Fig. 6 ) and the protein migration patterns on a native PAGE gel were similar among rHRS␣, rHRS␤, and a 1:1 mixture of rHRS␣ and rHRS␤ (SI Fig. 7 ). Given that both HRS␣ and HRS␤ are required for (Z)-hinokiresinol synthase activity, and natural HRS consists of HRS␣ and HRS␤, it is strongly suggested that the subunit recombination between ␣ 2 and ␤ 2 to give ␣␤ occurs in a 1:1 mixture of rHRS␣ and rHRS␤.
Biochemical Characterization of a Mixture of rHRS␣ and rHRS␤. The kinetic properties of a 1:1 mixture of rHRS␣ and rHRS␤ were determined by using (7E,7ЈE)-4-[7Ј,9Ј,9Ј-2 H 3 ]coumaryl 4-coumarate as substrate. The reaction period was 10 min, because the reaction was linear with time up to 20 min under the conditions used (SI Fig. 8 A) . The optimum pH, optimum temperature and K m values for a 1:1 mixture of rHRS␣ and rHRS␤ were 6.0, 30°C and 0.44 M, respectively (SI Fig. 8 ).
Evolution and Function of HRS.
Our data demonstrate that HRS␣ and HRS␤ are members of the PP2 gene family. PP2 is one of the most abundant and enigmatic proteins in the phloem sap. PP2 and PP1 proteins constitute P protein, which plugs sieve plates to maintain turgor pressure within the sieve tube after injury to a sieve element, or which functions as a physical barrier against pathogens and pests (13). Most members of the PP2 gene superfamily have not been functionally characterized. Several PP2 proteins, including CmPP2, are known to have poly(GlcNAc)-binding activity (12) . Recent in vitro studies have shown that PP2 interacts with a variety of RNAs and could be involved in the long-distance movement of viroids (14, 15) . Moreover, more than half of the predicted Arabidopsis PP2-like proteins contain F boxes, which are typically involved in targeting proteins to the E3 ubiquitinylation degradation pathway, and some have TIR and AIG1 domains within the N-terminal region (13) . Although diverse functions of the PP2 gene superfamily have been identified or proposed, an enzymatic activity, such as that of HRS, has not been reported. It may be speculated that a PP2-like protein, which is associated with plant protection, evolved to have the catalytic activity to produce antifungal hinokiresinols. Our finding that HRS␣ and HRS␤ belong to the PP2 gene superfamily demonstrates a new biochemical function of this gene superfamily.
Molecular Mechanisms of Hinokiresinol Formation by HRS.
We revealed that HRS proteins catalyze the formation of hinokiresinols, although the formed geometrical isomers differ in terms of the subunit composition (Fig. 5A) . (E)-Hinokiresinol was converted to (Z)-hinokiresinol by neither recombinant HRS proteins (M.Y., S.S., and T.U., unpublished observations) nor the crude enzymes from Asparagus and Cryptomeria cells (10, 11) , indicating that hinokiresinols are directly formed from (7E,7ЈE)-4-coumaryl 4-coumarate. Thus, three hypothetical reaction mechanisms, namely, the ester enolate Claisen rearrangement (Fig. 5Ba) , an intramolecular rearrangement (Fig. 5Bb) , and a bimolecular coupling after an ester cleavage (Fig. 5Bc) (11, 16, 17) can be considered to participate in hinokiresinol formation from (7E,7ЈE)-4-coumaryl 4-coumarate. In mechanisms a and b, a hydroxyl group in the A aryl ring is requisite for the formation of the corresponding quinonemethide (Fig. 5 Ba and Bb). However, bimolecular coupling requires two hydroxyl groups in both A and B aryl groups (Fig. 5Bc) , because both aryl groups need to become quinonemethides. To clarify the mechanism, further studies using several analogs lacking a free 4-hydroxyl group and inhibitors, as potential substrates, are needed.
E R S MC L K E H I G K R W I D I S A G E F V T S P ---D N A G E I S F S MY E T K S
How does only HRS heterodimer catalyze the formation of (Z)-hinokiresinol? One possible answer might be that an active site lies at the interface between the two subunits, and only the active site cleft between ␣ and ␤ is suitable for Z-isomer production. X-ray crystallographic analysis combined with an enzymatic assay with potential substrates might answer this question.
In conclusion, we have identified the first genes governing norlignan biosynthesis, which involves formation of a new carbon-carbon bond. The subunit composition of HRS can control the stereoselective formation of (E)-and (Z)-hinokiresinol from (7E,7ЈE)-4-coumaryl 4-coumarate. Such a control mechanism is unique in natural product biosynthesis, because E or Z doublebond formation is usually controlled by distinct enzymes. By contrast, our data revealed that altering the subunit composition of an enzyme can alter the stereoselectivity in the double-bond formation that it catalyzes.
Materials and Methods
Plant Material. The cell-suspension culture of A. officinalis cv. Accel was initiated and elicited with autoclaved Fusarium solani IFO4542 mycelia for 18 h as described (6, 10) . The cells were collected by a strainer and washed with distilled water, and the excess water was absorbed with a paper towel. The cells were weighed and stored in liquid nitrogen until use. (6) and (E)-hinokiresinol (18) were isolated from A. officinalis and Chamaecyparis obtusa, respectively. Buffer A was composed of 20 mM Tris⅐HCl buffer (pH 7.8) containing 10% glycerol (vol/vol), 2 mM DTT, 1 mM sodium ethylenediaminetetraacetate (EDTA-Na2), 0.5 mM phenylmethanesulfonylfluoride (PMSF), and 2.5 mM 2-mercaptoethanol. Buffer B was identical except that the glycerol concentration was 5% (vol/vol). All buffers used for HPLC enzyme purification were purged with helium gas during chromatography. Oligonucleotide primers were synthesized by Espec Oligo Service. All other commercial reagents were obtained from Nacalaitesque or Wako Pure Chemicals, unless otherwise noted. nylpolypyrrolidone (10% wt/wt of material), sea sand, and 1 liter of 0.1 M Tris⅐HCl (pH 7.8) buffer containing 0.5 mM PMSF, 5 mM sodium ascorbate, 10 mM DTT, and 1 mM EDTA-Na 2. The slurry was filtered through four-layered gauze. The filtrate was centrifuged for 20 min at 8,500 ϫ g and the protein in the supernatant was precipitated by adding ammonium sulfate (50% saturation). After centrifugation, additional ammonium sulfate was added to the supernatant so that the final concentration was 70% saturation. The suspension was left for 1 h and centrifuged at 8,500 ϫ g for 30 min. The pellet was dissolved in buffer A containing 1 M ammonium sulfate. The undissolved residue was removed by centrifugation and the supernatant was applied to a Toyoperl Phenyl 650M column (Tosoh, 1.5 ϫ 20 cm) that had been equilibrated with buffer A containing 1.8 M ammonium sulfate. The retained proteins were eluted with a linear gradient of ammonium sulfate (from 1.8 to 0 M). Fractions containing enzyme activity were combined and desalted by passing them through a Sephadex G-25 column (Amersham Pharmacia) that had been equilibrated with buffer B. The desalted sample was applied to a Cosmogel DEAE column (Nacalaitesque, 2 ϫ 10 cm) equilibrated with buffer B, washed with a linear gradient of sodium acetate (from 0 to 0.1 M), and eluted with a linear gradient of NaCl (from 0 to 0.3 M). The fractions containing enzyme activity were combined and concentrated with a Centriprep 10 (Millipore) up to 5 ml, and the concentrated sample was passed through a HiLoad Superdex 200pg column (Amersham Pharmacia, 1.6 ϫ 60 cm) equilibrated with 0.1 M Tris⅐HCl (pH 7.8) containing 2 mM DTT, 1 mM EDTA-Na 2, 2.5 mM 2-mercaptoetanol, 0.5 mM PMSF, and 5% glycerol (vol/vol). The fractions indicating enzyme activity were collected and concentrated as above. The concentrated fraction was diluted five times with buffer B and applied to a Cosmogel DEAE (0.8 ϫ 7.5 cm) column. The enzyme was eluted with a linear gradient of NaCl (from 0 to 0.3 M). The fractions showing enzyme activity were pooled and desalted by passing them through a Sephadex G-25 column as above. The desalted sample was applied to a MonoQ HR 5/5 column (Amersham Pharmacia) equilibrated with buffer B, and the enzyme was eluted in the same conditions used for the second Cosmogel DEAE column chromatography. The fraction containing enzyme activity was collected and applied again to a HiLoad Superdex 200pg column. The elution condition was the same as above. The fractions showing enzyme activity were combined, concentrated with a Centriprep 10 and an UltraFree 10000 (Millipore) up to 0.3 ml, and used for further characterization as the final purified preparation.
Gel Electrophoresis. The details of gel electrophoresis are described in SI Text.
Microsequencing. The details of microsequencing are described in SI Text.
Cloning of cDNAs Encoding HRS␣ and HRS␤. Total RNA from Asparagus cells after 18 h elicitation (6) were isolated by using the method of Bugos et al. (19) . mRNA was purified from total RNA by using a Poly(A) Quick mRNA Isolation Kit (Stratagene). A cDNA library was constructed from the mRNA by using the ZAP-cDNA Gigapack III Gold Cloning Kit (Stratagene) according to the manufacturer's instructions. Based on the partial amino acid sequences derived by microsequencing (SI Table 2 ), oligonucleotide primer A (5Ј-GTIGTIGGNGGN-GAYGAYG-3Ј) and primer B (5Ј-GGIMGIYTIGGNATGGARGC-3Ј) were designed from the peptide fragments 3a and 6 as sense primers. cDNA was synthesized from the total RNA of the elicited Asparagus cells by using an oligo(dT) (5Ј-AGCTCGAGTTTTTTTTTTTTTTTTTT-3Ј) primer and SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer's recommendations. Degenerate PCR amplification was carried out by using the pairs of primer A and an oligo(dT) primer, or primer B and an oligo(dT) primer. The amplified cDNA fragments were subcloned into the pCR2.1-TOPO (Invitrogen) vector, and the vector was transformed into E. coli TOP10 (Invitrogen) and sequenced. This enabled us to obtain two partial cDNA fragments (675 bp and 545 bp) encoding HRS␣ and HRS␤. The vectors harboring these inserts were digested with SspI and EcoRI, which released 0.5-kb fragments. The fragments were radiolabeled with [␣-32 P]dATP (3,000 Ci/mmol, Amersham) by using the DECAprime II kit (Ambion), and 1.2 ϫ 10 5 plaqueforming units of phage for HRS␣ and 6.0 ϫ 10 4 plaque-forming units of phage for HRS␤ were screened by using the fragments as probes under highstringency conditions (20) . Phages from 12 positive plaques for HRS␣ and six positive plaques for HRS␤ were recovered and submitted to second-round screening. The resulting single-plaque phages were recovered and the inserts were PCR-amplified by using T7 and T3 primers. The amplified fragments were cloned into pCR2.1-TOPO and fully sequenced to select a clone without the PCR-induced mutations. The cloned sequences were analyzed by means of a PSI-BLAST search on the National Center for Biotechnology Information (NCBI) web site (www.ncbi.nlm.nih.gov/) and ClustalW (21) . A phylogenetic tree (Fig.  3B) was constructed by the neighbor-joining method (22) .
Heterologous Expression of Recombinant HRS␣ and HRS␤ in E. coli. The ORFs of HRS␣ and HRS␤ were PCR-amplified by using forward primers encoding an NdeI site plus gene-specific sequences beginning at the start codon (5Ј-TCATATGGATGGGCAACCAGAGCT-3Ј and 5Ј-TCATATGGCTACTGTTGCCAAG-GAG-3Ј), and reverse primers including the NotI site and gene-specific sequences beginning at the codon next to the stop codon (5Ј-TGC-GGCCGCCTTTTGGTTCATCAGCAGAA-3Ј and 5Ј-TGCGGCCGCACGGGGGAGTG-GACGGAG-3Ј). PCR products were ligated into pCR2.1-TOPO vectors before introduction into E. coli TOP10 cells. The inserts were subcloned into pET23a (Novagen) to fuse a His-tag to the C terminus of HRS. Each construct was transformed into E. coli BL21(DE3)pLysS (Novagen). The bacteria were grown at 37°C in LB medium containing 100 mg/liter ampicillin. When A 600 reached 0.6, 0.4 mM isopropyl thio-␤-D-galactoside was added and incubated for an additional 4 h at 30°C to induce expression. After centrifugation at 2,000 ϫ g for 10 min at 4°C, the pellet was resuspended in 4 ml of 20 mM Tris⅐HCl (pH 7.9) containing 0.5 mM NaCl and 5 mM imidazole. Cells were lysed on ice with a Branson Sonifier 250 (1 min ϫ 3). Lysates were centrifuged at 10,000 ϫ g for 10 min at 4°C and the supernatant containing soluble proteins was passed through a 0.45-m Millex HV filter (Millipore) and applied to a column containing 1 ml of His-Bind Resin (Novagen). The column was washed successively with 6 ml of 20 mM Tris⅐HCl (pH 7.9) containing 0.5 mM NaCl and 60 mM imidazole (wash buffer), and 6 ml of wash buffer containing 100 mM imidazole. The bound protein was eluted with 6 ml of 20 mM Tris⅐HCl (pH 7.9) containing 0.5 mM NaCl and 1 M imidazole. The eluent was desalted with a Sephadex G-25 (Amersham Pharmacia) column and its purity was confirmed 
